Abstract: A microstrip-fed broadband circularly polarised (CP) monopole antenna was studied. A broad impedance bandwidth and wide axial ratio bandwidth (AR-BW) could be achieved simultaneously. This antenna used a conventional monopole architecture, except for its deforming ground plane and asymmetricfeed approach. The asymmetric-feed was used to provide an orthogonal component distinct from its original linear polarisation. In addition, by embedding a slit and a stub on the ground plane, this antenna could generate CP wave radiation and achieve a broad impedance bandwidth. According to the measurement results, the impedance bandwidth was 6.56 GHz for a 10 dB return loss, which covered a range of 2.32 -8.88 GHz. The AR-BW was 1.2 GHz for a 3 dB AR, which covered a range of 3.2 -4.4 GHz.
Introduction
Recent applications of circularly polarised (CP) waves have attracted much attention due to their significant superiority in resisting inclement weather as compared to linearly polarised (LP) waves. In particular, they have been employed in modern communication systems that are sensitive to atmospheric variations, such as radar tracking, navigation, satellite systems and mobile communication systems [1] . The hazard caused by misalignment can be ignored to simplify antenna mounting as well as to improve reception efficiency. Exciting a CP wave requires two conditions: first, the amplitudes of two near-degenerate orthogonal E vectors must be equal; second, the phase difference (PD) between the two orthogonal E vectors must be approximately 908. Right-hand circular polarisation (RHCP) or left-hand circular polarisation (LHCP) can be defined by a 908 phase lead or lag. Traditionally, a polariser has been required for exciting a quadrature phase contribution to produce CP. To do so, some approaches have employed couplers, dividers or phase shifters to provide a 908 PD [2] . These mechanisms have been referred to as the so-called dual-feed technique. On the other hand, some researchers established a cavity model to estimate the central frequency of CP and the polarised sense based on the physical dimensions and feeding positions of the antenna [3 -5] . These configurations enabled CP capability to be realised using a single-feed method, which simplified the feeding networks.
In addition to patch antennas, many types of antennas can effectively generate CP, such as slot antennas [6] , helical antennas [7] and arrays [8] . In recent years, many studies have designed CP monopole antennas. In 1998, Ojiro used a monopole feed and a symmetrical loop to generate a travelling wave current and realise CP [9] . A coplanar waveguide (CPW)-fed monopole antenna with a shorting sleeve strip was used to excite a CP mode by the coupling effect between the monopole antenna and sleeve [10] . This paper proposes a microstrip-fed monopole antenna to achieve a broad impedance bandwidth and wideband CP. This antenna is composed of an asymmetric feed line, a rectangular radiator and a ground plane with an embedded slit and stub. Asymmetric feeding achieves a wide impedance bandwidth and excites an elliptically polarised (EP) wave. By modifying the shape of the ground plane, this antenna simultaneously generates a broad impedance bandwidth and wideband CP. The current work presents parametric studies of the antenna geometry, and the measured results show that this antenna excites a broad impedance bandwidth of 102.5% at a centre frequency of 5.6 GHz and a wideband CP radiation wave of 31.6% with respect to a centre frequency of 3.8 GHz.
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IET Microw. Antennas Propag., 2010, Vol. Fig. 1a shows the surface current distribution for central feeding, which can be divided into vertical and horizontal currents. The distribution of the horizontal current excites two components that are 1808 out of phase. Therefore the radiation in the far field in the horizontal direction is very weak. Thus, it is very difficult for a conventional monopole antenna to excite CP. Asymmetric feeding, on the other hand, generates two orthogonal currents, which include the vertical and horizontal currents, as shown in Fig. 1b . Their amplitudes and PD cannot reach CP conditions; hence, the asymmetric feeding method can only excite an EP wave.
In general, CP is generated by two orthogonal E vectors with equal amplitudes and a 908 PD. It is defined as
where E is the instantaneous electric filed vector, E Hor and E Ver, respectively, denote the electric field vectors in the horizontal and vertical planes, and d is the PD. If the amplitudes of E Hor and E Ver are equal and d ¼ +908, the polarised wave is RHCP or LHCP [7] . In addition, the value of the axial ratio (AR) can be used to represent the characteristic of the polarisation. The AR is defined by the RHCP or LHCP [11, 12] , and it is expressed as
where
Generally, there are three types of polarised waves: LP, EP and CP. For a perfect CP wave, the AR value is 0 dB; for a perfect LP wave, the AR value is infinite. EP is considered to lie between LP and CP. Because a perfect CP wave with AR ¼ 0 dB is ideal, CP is typically defined based on an AR value of less than 3 dB.
The asymmetric feeding method generates E Ver and E Hor , but it excites EP. To achieve equal amplitudes and a 908 PD, a slit was embedded on the ground plane. Using this method, the amplitudes of E Hor and E Ver were almost equal, and the phase of E Hor led E Ver with a 908 PD, which excited an LHCP radiation wave. Fig. 2 shows the simulated surface current. The amplitude difference and PD between E Hor and E Ver were varied to generate the CP mode. Furthermore, adding a stub on the ground plane further increased the impedance bandwidth, while retaining CP performance. Fig. 3 illustrates the configuration of the proposed monopole antenna. The proposed antenna was etched on an FR4 substrate with a relative permittivity 1 r ¼ 4.4, loss tangent tan d ¼ 0.024 and thickness H ¼ 1.6 mm. The top view in Fig. 3a shows that an asymmetric microstrip-feed line of width W 1 and length L 1 was connected to a rectangular radiator of width W 2 and length L 2 . As shown in the bottom view in Fig. 3b , a L 1 Â W ground plane was etched on the bottom side of this antenna. An S 1 Â S 2 rectangular slit was embedded on the ground plane, and a D 1 Â D 2 stub was loaded on the ground plane to the right of the slit. The overall size (L Â W Â H ) of the proposed antenna was approximately 45 Â 40 Â 1.6 mm 3 . Fig. 4 shows a flowchart for the design process used for the proposed CP monopole antenna.
Analysis of antenna design
This section describes the design techniques used for this antenna, which include increasing the impedance bandwidth and generating circular polarisation. The 
Asymmetric feed-line
Fig. 5 describes the effects of central and asymmetric feeding on the simulated return losses. The asymmetric feeding method excited a mode at 5 GHz to increase the impedance bandwidth from 40.6% for central feeding to 82% due to via a change in the current distribution. The simulated AR results of the central and asymmetric feeding at the broadside direction are shown in Fig. 6 . The centrally fed antenna radiated an LP radiation wave with an AR value greater than 40 dB. The asymmetric feeding changed the polarised wave from LP to EP, reducing the AR value to approximately 7 dB at 5 GHz. Some parasitic elements were added to the ground plane to obtain a CP radiation wave. Details of the design analysis of the parasitic elements are described in the following subsections.
Embedding a slit on the ground plane
A wide impedance bandwidth and EP were generated by asymmetric feeding. To generate CP with two orthogonal currents of equal amplitude and a 908 PD, a S 1 Â S 2 rectangular slit was embedded on the ground plane. The performance of the impedance bandwidth and the CP were affected by the dimensions of the slit (S 1 , S 2 ). www.ietdl.org
The simulated return losses and AR of the broadside direction results with different rectangular slit lengths (S 1 ) are plotted in Fig. 7 . With a fixed value for S 2 , slits with three different lengths -14, 15 and 16 mm -were analysed. As seen in Fig. 7a , the return losses from 2 to 4 GHz were affected slightly by the length S 1 . However, the impedance matching was strongly dependent on S 1 from 4 to 9 GHz. In order to match the high-frequency impedance band from 4 to 9 GHz, the length of S 1 was chosen to be 16 mm. Fig. 7b also shows the effects of the S 1 length on the AR in the broadside direction. The findings clearly show that the CP mode frequency was not controlled by S 1 , but that the widest AR-BW could be reached by properly adjusting S 1 . The length of S 1 not only matched the high-frequency impedance band from 4 to 9 GHz but also tuned the AR-BW.
Figs. 8a and b depict the effects of the rectangular slit height (S 2 ) on the simulated return losses and AR for the Figure 6 Comparison the simulated AR of central feeding and asymmetric feeding Fig. 8a shows that the impedance matching was strongly dependent on S 2 . When S 2 was 4 mm, the third mode was at 8 GHz. When S 2 was increased to 5 mm, the third mode was shifted to 7.2 GHz. These results show that the third mode was controlled by S 2 . Note that the first mode at 2.3 GHz and the second mode at 5.7 GHz were shifted only slightly. Fig. 8b shows that the CP mode frequency and AR-BW could be tuned by using different values for S 2 . When S 2 ¼ 4 mm, the centre frequency of the CP mode was 3.75 GHz and the 3 dB AR-BW was approximately 45.3%. When S 2 was increased to 6 mm, the centre frequency of the CP mode shifted to 2.95 GHz, but the 3 dB AR-BW was only approximately 28.8%. Based on this result, the characteristics of the CP mode were also controlled by S 2 .
The simulated results shown in Figs. 7b and 8b indicate that this method of embedding a rectangular slit on the ground plane excited the CP radiation wave, controlled the CP mode frequency, and achieved a wideband CP characteristic. However, a comparison of Fig. 8a with Fig. 5 shows that this method caused impedance mismatching from 2 to 4 GHz. Figure 11 Simulated and measured AR of the proposed Antenna www.ietdl.org
Adding a stub to the ground plane
The above discussion on the rectangular slit revealed that it generated wideband CP but caused impedance mismatching from 2 to 4 GHz, thus reducing the impedance bandwidth. To achieve a broad impedance bandwidth and still retain wideband CP, a perturbation stub was added to the ground plane on the right side of the slit. Adding the stub to the left side of the slit degraded the impedance matching. Fig. 9 shows the simulated return losses and AR results at different stub heights (D 2 ), with the other parameters fixed. Fig. 9a shows that the mode at 4.2 GHz was excited as D 2 was increased. This phenomenon improved the impedance matching of the first mode at 2.3 GHz. In addition to impedance matching, the stub also affected the CP mode frequency. Fig. 9b shows that the CP mode frequency could be tuned by using different values for D 2 ; however, the AR bandwidth was independent of D 2 . A comparison of Fig. 8b with Fig. 9b shows that the CP mode frequency was still mainly controlled by the slit height (S 2 ).
Based on these simulated results for asymmetric feeding with a ground plane embedded with a slit and stub, this work concludes that using asymmetric feeding enhances the impedance bandwidth and excites the EP radiation pattern. The slit embedded on the ground plane generates CP radiation waves but causes impedance mismatching in the band from 2 to 4 GHz. Adding a stub to the ground plane excites a new mode to match the impedance from 2 to 4 GHz, and only slightly affects the CP mode characteristic. Therefore a broad impedance bandwidth and wide AR bandwidth can be simultaneously attained by properly adjusting the sizes of the slit and stub.
Simulation and measurement results
The optimised dimensions of the geometric parameters are listed in Table 1 . A comparison of the simulated and measured return losses for the proposed antenna is shown in Fig. 10 . The 10 dB impedance bandwidth of the measured return loss reached 6.56 GHz, which covers the range from 2.32 to 8.88 GHz, or approximately 117% with respect to the centre frequency of 5.6 GHz. There was good agreement between the simulated and measured results, with the exception that the measured results shifted to a higher frequency. The simulated and measured AR results for the broadside direction against frequency are plotted in Fig. 11 . The disagreement between the simulated and measured results may be attributed to the phase variations of E Hor and E Ver , which in turn may be due to the misalignment of the antenna and ground plane in the fabrication process. The phases of the electrical fields were very sensitive to the geometric dimensions. The measured 3 dB AR bandwidth was approximately 1.2 GHz, from 3.2 to 4.4 GHz, which corresponded to approximately 31.6% with respect to the centre frequency of 3.8 GHz. The measured minimum AR was 0.94 dB at 3.6 GHz. The measured results indicate that the proposed antenna demonstrated a broad impedance bandwidth and wide AR bandwidth.
The measured normalised LHCP and RHCP radiation patterns in the XZ-plane and YZ-plane for frequencies of 3.60 and 4.00 GHz are shown in Figs. 12a and b, respectively. Owing to the influence of the asymmetric feed line and ground plane, the CP radiation patterns of the antenna were not omnidirectional, especially in the YZplane. The measured 3 dB AR beam widths in the XZand YZ-planes were 1028 and 398, respectively, at 3.60 GHz, as shown in Fig. 12a . As seen in Fig. 12b , the 3 dB AR beam widths were 638 and 318 at 4.00 GHz.
Therefore the AR beam width resulted in a bigger and better performing XZ-plane as compared to the YZ-plane. Fig. 13 shows the maximum measured gains and radiation efficiencies. The efficiencies were greater than 72% from 2.8 to 4.6 GHz, and the gain variation was less than 1.6 dBi.
Conclusion
In this study, we developed a novel microstrip monopole antenna that is capable of realising a broad impedance bandwidth and wide AR bandwidth. It was found that asymmetric feeding changed the radiation wave from LP to EP and increased the impedance bandwidth. A rectangular slit embedded on the ground plane excited a wideband CP and controlled the frequency of the CP mode. A rectangular stub added to the ground plane enhanced the impedance bandwidth and only slightly affected the CP characteristics. The impedance bandwidth achieved measured results of 117% from 2.32 to 8.88 GHz, and a 3 dB AR bandwidth achieved results of approximately 31.6% from 3.2 to 4.4 GHz for LHCP. The proposed antenna would provide numerous advantages for a modern wireless communication system, such as low weight, simple structure, easy fabrication, low production cost, broad impedance bandwidth, and CP radiation pattern.
